The effect of solid substrates, inoculum and incubation time were studied using response surface methodology (RSM) for the production of polygalacturonase enzyme and spores in solid-state fermentation using Aspergillus sojae ATCC 20235. Twostage optimization procedure was applied using D-optimal and face-centered central composite design (CCD). Crushed maize was chosen as the solid substrate, for maximum polygalacturonase enzyme activity based on D-optimal design. Inoculum and incubation time were determined to have significant effect on enzyme activity and total spore (p < 0.01) based on the results of CCD. A second order polynomial regression model was fitted and was found adequate for individual responses. All two models provided an adequate R 2 of 0.9963 (polygalacturonase) and 0.9806 (spores) (p < 0.001). The individual optimum values of inoculum and incubation time for maximum production of the two responses were 2 × 10 7 total spores and 5-6 days. The predicted enzyme activity (30.55 U/g solid) and spore count (2.23 × 10 7 spore/ml) were very close to the actual values obtained experimentally (29.093 U/g solid and 2.31 × 10 7 spore/ml, respectively). The overall optimum region considering the two responses together, overlayed with the individual optima. Solid-state fermentation provided 48% more polygalacturonase activity compared to submerged fermentation under individually optimized conditions.
Introduction
Enzyme production which is a growing field of biotechnology has an annual world sales close to a bil-lion dollars together with increasing number of patents and research articles (Layman, 1990; Gonzales et al., 2003) . Even though most of the enzyme manufactures produce enzymes by means of submerged fermentation (SmF) techniques, there is recently a significant interest in using solid-state fermentation (SSF) instead (Pandey et al., 1999; Gonzales et al., 2003) . The reason behind this, is cited by the advantages that this technique (SSF) has over SmF. These are listed as higher productivity per reactor volume, lower capital costs, less space requirements, simpler equipment and easier downstream processing (Pandey et al., 2000; Martins et al., 2002) . Another very important advantage is that, it permits the use of agricultural and agro-industrial residues as substrates which are converted into bulk chemicals and into products with high commercial value like organic acids, proteins, alcohol and enzymes (Manonmani and Sreekantiah, 1987; Spangnuolo et al., 1997; Martins et al., 2002) . Furthermore, the utilization of these compounds helps in solving pollution, which otherwise cause their disposal (Couto and Sanroman, 2005; Pandey et al., 1999) .
Large numbers of microorganisms, including bacteria, yeast and fungi can be used in SSF systems. Selection of a particular strain, however, remains a tedious task depending upon a number of factors, like the nature of the substrate, environmental conditions and the desired final product. Filamentous fungi are the best-adapted species of SSF and dominate in research and practical application around the world. This can be attributed to the advantage of the hyphal mode of growth with the colonization on solid substrates and utilization of variable substrates (Knapp and Howell, 1980) . Pectinases or pectinolytic enzymes (polygalacturonase, pectin methylesterase, pectin lyase) which are well known with their commercial significance among the enzymes, are mainly produced using SSF technique. Pectinases which hold a share of 25% in the global sales of food enzymes (Jayani et al., 2005) , are widely used in the beverage industry due to their ability to improve pressing and clarification of concentrated fruit juices. Besides, they are used in processing of fruits and vegetables, in the production of wine, in the extraction of olive oil and fermentation of tea and coffee (Castilho et al., 2000; Silva et al., 2005) . Furthermore, they find applications in paper and pulp industry, waste management, animal feed and textile industry .
Among the pectinases used, polygalacturonase produced by Aspergillus niger is the most studied one with commercial significance (Castilho et al., 2000; Couto and Sanroman, 2005) . However, to best of our knowledge there is no available literature on the production of this enzyme (polygalacturonase) by Aspergillus sojae in either mode (SSF or SmF), which makes this study extra novel.
In order to determine the potential of this strain, and contribute to the literature by filling this gap, a study was initiated using A. sojae ATCC 20235 in the production of the polygalacturonase from here on PG, which has a highly commercial value. With our previous study on submerged fermentation using this organism we proved that this organism has a good potential for PG synthesis with the desired pellet morphology (Gogus et al., 2006) . Therefore, it was worth wide to determine if this potential could be increased using SSF. Together with the high enzyme productivity in SSF, the production of high spore counts obtained through this technique, is of great significance for industrial submerged fermentations requiring spore inoculations.
With this perspective, using statistical tools (RSM), these responses were optimized, first independently and later together with respect to the factors of source of solid substrate, inoculum and incubation time. As it is well known these factors are highly significant in SSF (Sangeetha et al., 2004; Couto and Sanroman, 2005) and very specific to every single strain. In solidstate fermentations, the selection of a suitable solid substrate for a fermentation process is a critical factor. The selection of suitable substrates for pectinase production has mainly been centered on tropical agroindustrial crops and residues. Among these are wheat bran, rice bran, apple pomace, orange bagasse, sugar cane bagasse, the most studied ones (Maldonado and Strasser de Saad, 1998; Bai et al., 2004) . However, there is no study on the interaction of these substrates with factors like inoculum and incubation time, which are of primary importance in solid-state fermentations. With this perspective, inoculum (X 1 ) and incubation time (X 2 ) as quantitative variables, corncob, maize meal and crushed maize which are produced in surplus quantities worldwide (Kunamneni and Singh, 2005) , as qualitative variables (X 3 ) were taken for the optimization, using RSM for maximum PG activity and total spore generation.
Although the main focus of this paper is on SSF, a brief comparison on enzyme titers between the optimized conditions of SmF and SSF are given at the end.
The results of this study by introducing a strain with a new application mode in the production of a highly valuable enzyme, is thought to be beneficial to the enzyme industry, food industry and the microbiology area.
Materials and methods

Microorganism
A. sojae ATCC 20235 (from here on A. sojae only for simplicity) was purchased in the lyophilized form, from Procochem Inc., an international distributor of ATCC (American Type of Culture Collection) in Europe. The propagation of this culture was done on YME agar slant medium containing, malt extract (10 g/l), yeast extract (4 g/l), glucose (4 g/l) and agar (20 g/l), incubated at 30 • C until well sporulation (1 week). Stock cultures of these strains were prepared with 20% glycerol water and stored at −80 • C.
Seed inoculum
The spore suspensions used as inoculum were obtained on molasses agar slants containing: glycerol (45 g/l), peptone (18 g/l), molasses (45 g/l), NaCl (5 g/l), FeSO 4 ·7H 2 O (15 mg/l), KH 2 PO 4 (60 mg/l), MgSO 4 (50 mg/l), CuSO 4 ·5H 2 O (12 mg/l), MnSO 4 ·H 2 O (15 mg/l) and agar (20 g/l), after the pre-activation step performed on YME agar using the stock cultures. The incubation temperature and time for each of the steps were 30 • C and 1 week, respectively. The harvesting of the spores from the slants was done using 5 ml of Tween 80 water (0.02%). The spore suspension was collected in sterile falcon tube and stored at 4 • C until the actual study. The initial spore counts and viability counts were recorded.
The inoculum for the actual solid-state fermentation was prepared by transferring the predefined amounts of spore solutions corresponding to the ranges of 2.5 × 10 5 to 7.5 × 10 5 total spores (for D-optimal design) and 1.25 × 10 4 to 2 × 10 7 total spores (for CCD design), into 250 ml Erlenmeyer flasks containing 50 ml sterile molasses broth (composition as defined above excluding the agar).
Solid-state fermentation
Solid-state fermentation was carried out in a 500 ml Erlenmeyer flasks containing 50 g of either one of the sterilized solid substrates (121 • C/15 min), such as crushed maize, maize meal or corncob obtained from a local company (Sunar Mısır Inc.). These were inoculated with the inoculum medium, prepared as stated in Section 2.2 according to the experimental designs shown in Tables 1 and 3 and mixed thoroughly. The contents were incubated at 30 • C between 3 and 10 days as prescribed by the same experimental designs. The final moisture content of the flasks before the incubation period were approximately 48.99%, 51.04%, 50.69% (w/w) for crushed maize, maize meal and corncob, respectively. In order to control the humidity of the incubator an additional flask full of water was placed inside.
Enzyme extraction
At the end of the specified incubation periods, 150 ml of sterile Tween 80 water (0.02%) was added into each Erlenmeyer flask and stirred in a shaker at 150 rpm at 30 • C for 30 min. Following this period, flasks were filtered through the sterile cheese cloth and centrifuged at 4 • C, 6000 rpm for 15 min. The supernatant and pellet were used for enzyme assay and biomass determination, respectively.
Submerged fermentation
For submerged fermentation a total of 31 shake flasks media (50 ml in 250 ml Erlenmeyer), were prepared according to the face-centered CCD (Table 5 ) and run at 30 • C for 96 h. The basal medium consisted of glucose (25 g/l), peptone (2.5 g/l), disodium phosphate (3.2 g/l) and monosodium phosphate (3.3 g/l). To this medium, maltrin and corn steep liquor (CSL) (Cargill Sweetener and Starches Inc. and Sigma, St. Louis, MO) were added according to the concentrations given in the design. After 96 h of incubation, each flask was assayed for enzyme activity. Enzyme activity was determined on supernatant obtained after the centrifugation of the broth at 6000 rpm for 15 min.
Enzyme assay
Polygalacturonase (PG) activity was assayed according to the procedure given by Panda et al. (1999) using 2.4 g/l of polygalacturonic acid as substrate at pH 6.6 and 26 • C. The amount of substrate and enzymes used were 0.4 and 0.086 ml, respectively. One unit of enzyme activity was defined as the amount of enzyme that catalyses the release of 1 mol of galacturonic acid per unit volume of culture filtrate per unit time at standard assay conditions. Galacturonic acid (Sigma, St. Louis, MO) was used as standard for the calibration curve of PG activity. Enzyme activity was also expressed as U/g solid substrate after dividing it to the substrate concentration (g/ml) used: activity (U/ml) = mg of galacturonic acid 212.12
Biomass and spore count
Although it was difficult to determine the biomass (g/l) in SSF accurately, it was determined gravimetrically using the pellet obtained from Section 2.4. This was dried at 30 • C until constant weight was reached. Biomass determinations were done only for the experiments specified in CCD design. (Since, the substrate for the experiments in this section was crushed maize only and all the procedures were the same, any discrepancy arising from the substrate was not expected.) For SmF experiments, biomass was determined in a similar way as in SSF with only the difference that the whole fermentation broth was used for centrifugation instead of the extracted broth as in SSF. Biomass was used in the expressions of the specific activities for the comparison of the two systems (SSF and SmF).
The spore counts (spores/ml) were performed using Thoma bright line hemacytometer (Marienfield, Germany).
Experimental design and statistical analysis
The effects of, inoculum (X 1 ), incubation time (X 2 ) and solid substrate (X 3 ) were investigated on the responses of PG activity and spore count using RSM in solid-state fermentation. A D-optimal statistical design with three factors and face-centered composite design (CCD) with two factors and five center points were used. A total of 20 treatment combinations in D-optimal design and 13 in face centered composite design were generated and performed. Analysis of data and generation of response surface graphics were done by the software Design Expert 6.0.11 and 7.0.0 Trial Version, Stat-Ease Inc. The response variables were PG activity and spore count for both D-optimal design and facecentered CCD design.
In submerged fermentation the effects of independent variables, such as concentrations of maltrin (X 1 ) and corn steep liquor (X 2 ), agitation speed (X 3 ) and inoculum (X 4 ) were investigated on the responses of PG activity using RSM. A face-centered CCD design with four factors were generated and conducted. Analysis of data and generation of response surface graphics was done by Minitab statistical software (release 13).
After running the experiments and measuring the response variables, a second order polynomial equation including the interactions was fitted to the response data by multiple regression procedure:
where Y is the predicted response, k the number of factor variables, β 0 the model constant, β i the linear coefficient, X i the factor variable in its coded form, β ii the quadratic coefficient, β ij the interaction coefficient and ε is the error factor. The following equation is used for coding the actual experimental values of the factors in a range of [−1 + 1]:
The analysis of variance (ANOVA) tables were generated and the effect and regression coefficients of individual linear, quadratic and interaction terms were determined. The significances of all terms in the polynomial were judged statistically according to their pvalues.
Result and discussions
Solid-state fermentation
The optimization procedure in solid-state fermentation was done in two steps. First, the selection of the suitable solid substrate for maximum PG activity and total spore count was done using D-optimal design (Table 1 ). In the second step, the best substrate which resulted into maximum enzyme activity (from step 1) was kept constant and two independent variables (X 1 and X 2 ) were optimised using 2 2 face centered CCD design as mentioned in Section 2.8.
First step optimization (D-optimal design)
In the first part of this section the aim was to determine the factors affecting the total spore counts and PG synthesis which have industrial importance in spore preparation steps of submerged fermentations. It is of great significance to produce large amount of spores on solid substrates and harvest these later as inoculum. This requires lots of time, material and effort when large-scale fermentations are considered. Therefore, determining the suitable solid substrate and the conditions (e.g. inoculum and incubation time) favour- Fig. 1 . D-optimal design for PG activity: (a) one factor plot using three different solid substrates at an inoculum of 5 × 10 5 total spores and incubation time of 8 days and (b) response surface graph showing the interaction effect of incubation time and inoculum on the PG enzyme activity using crushed maize as solid substrate. ing their productions would minimize these problems to some degree. Although, the primary focus of this paper is to optimize the same factors for PG enzyme production, it is not always possible in solid-state fermentation to have these conditions optimized in one parameter, as it is here the case. According to the ANOVA table (Table 2) , the type of solid substrate and the inoculum were significant (p < 0.01) on the total spore production whereas only type of solid substrate was significant on enzyme synthesis under the studied ranges. The lack of fit was insignificant for both of responses indicating a good fit, between the model and the experimental data.
As it can be deduced from D-optimal design (Table 1 ) and one factor plot (Fig. 1a) , crushed maize is much more suitable for maximum enzyme synthesis compared to the other two substrate sources. It produced approximately 4.33 and 1.85 times more enzyme than corncob and maize meal, respectively, estimated from Fig. 1a . In order to determine the interaction of incubation time and inoculum using crushed maize as solid substrate, response surface graphs as shown in Fig. 1b were generated. These showed that high inoculum together with shorter incubation time would favour towards maximum PG enzyme synthesis. Since true maxima were not obtained yet, it was suggested that further optimization was required. Therefore crushed maize favouring the PG synthesis was chosen as solid substrate for further optimization discussed in next section.
Second optimization step (central composite design)
In the second optimization step, the type of solid substrate as crushed maize was kept constant based on the results of the first optimization step. The two factors, inoculum (X 1 ) and incubation time (X 2 ) were optimized with respect to the two responses (PG activity and spore count) using 2 2 face centered central composite design (Table 3) . In order to get normally distributed response data, natural logarithm transformation to the PG activity and spore count were applied.
The results of ANOVA (tables not shown) for all two responses (PG activity and spore count) revealed that the individual models were highly significant (p < 0.001). All linear effects, interaction effect and quadratic effects were significant on PG activity. The coefficient of determinations were 0.9963 and 0.9860 for enzyme and spore count, respectively, indicating a good agreement between experimental and predicted values which can explain up to 99.63% and 98.60% variability of the responses. The "predicted R 2 " of 0.9669 and 0.8886 for each of the responses (in the same order as above) were in reasonable agreements with the "adj. R 2 " of 0.9937 and 0.9775. The adjusted R 2 corrects the R 2 value of the sample size and for the number of terms in the model. Regression coefficients used in the final empirical models for both responses in terms of two factors in coded units were given in Table 4 .
According to the central composite design (Table 3 ) and response surface graphics of X 1 and X 2 ( Fig. 2a) , maximum PG activity (30.55 U/g solid) could be attained at higher inoculums (2 × 10 7 total spores) and at an optimum incubation period of 5.34-5.5 days. This activity was almost six times higher compared to the first optimization step (5.1 U/g solid) performed with the same substrate (Fig. 1a) . The response surface graphs (Fig. 2b) depicting the interaction of X 1 and X 2 indicated that with high inoculums (2 × 10 7 total spores) and an incubation period of 5.5-6.41 days, maximum amounts of spore generation (2.23 × 10 7 spore/ml) was obtainable. Therefore, second optimization procedure (Fig. 2b) resulted into 2.65 times more spore production using the same substrate (crushed maize). (A maximum of 8.4 × 10 6 spore/ml was obtained in the first optimization step, data in Table 1 were converted to spore/ml, taking into account the filtration volumes for comparison.) Therefore, there was a considerable level of increase in the spore counts. If one wants to generate spores in addition to enzyme production, these results would be indicative for the necessary conditions to apply.
Validation of the model
The optimum conditions predicted by the invidual models of RSM for each of the responses were almost in the same range of X 1 = 2 × 10 7 total spores and X 2 = 5.34-6.4 days. In order to validate individual models, three different incubation times (5, 5.5 and 6), within the predicted ranges were chosen with an inoculum of 2 × 10 7 total spores and experiments were conducted (Table 5 ). The predicted .31 × 10 7 spore/ml, respectively). This showed very good compatibility of the model with experimental data. The overall optimum region as specified by the desirability plot, considering the two responses together, overlayed with the individual optima.
Optimization of submerged fermentation
Factors like carbon and nitrogen sources and their concentrations have always been of great interest to the researchers in the industry for the low cost media design especially when strains lacking information on their growth requirements, are under consideration, such as the case here . It is also known that 30% to 40% of the production cost of industrial enzymes is estimated to be the cost of growth medium (Joo et al., 2002) . These sources together with factors like agitation speed and inoculum, besides their effect on the product formation, have been determined to play significant role in the determination of the final morphology of the culture (Olsvik et al., 1993) . Therefore, it is of great significance to optimize the conditions for cost-efficient enzyme production.
Based on this a face-centered central composite design with 31 experiments was performed. The respective low and high levels with the coded levels in parentheses for the factors were defined as 25 (−1) Fig. 3 . Results of CCD in SmF: response surface plots showing the effects of (a) maltrin and CSL, (b) inoculum and agitation speed on PG enzyme activity. and 75 (+1) g/l for maltrin, 2.5 (−1) and 15 (+1) g/l for CSL, 150 (−1) and 300 (+1) rpm for agitation speed, and 2.5 × 10 5 (−1) and 7.5 × 10 5 (+1) total spore for inoculum. The experimental runs with their response variable (PG activity) are presented in Table 6 . After treatment combinations, the response data for maltrin and CSL, agitation speed, inoculum and the interaction terms of CSL and agitation speed, and the interaction terms of maltrin and CSL yielded significant (p < 0.05) terms with respect to PG activity. The coefficients of the model in coded units and their significance levels are presented in Table 7 . The adjusted R 2 of the model was 83.2% for PG with an insignificant lack of fit indicating a good fit between the model and the experimental data. According to the central composite design (Table 6 ) and the response surface graphs of maltrin, CSL and agitation speed ( Fig. 3a and b ) maximum PG activity (7.4 U/ml) could be achieved at higher maltrin and lower CSL concentrations and at higher agitation speeds. The inoculum was insignificant under ranges studied. In order to validate the model, experiments at high maltrin (75 g/l), low CSL (2.5 g/l) with an inoculum of 2.5 × 10 5 total spore at 300 rpm agitation were performed and a PG activity of 8.4 U/ml was obtained. This value was slightly higher compared to the model prediction. Therefore, these conditions were the optimized conditions of SmF under the ranges studied where maximum PG could be attained.
Comparison of submerged to solid-state fermentation
The maximum PG activity attained by the optimized condition in SSF (1.26 U/mg biomass converted using 29.09 U/g solid) provided 1.48 times more activity compared to the maximum PG activity obtained under the optimized conditions in SmF (0.84 U/mg biomass converted using 8.4 U/ml). This result points out the possible profitability of SSF over SmF with respect to enzyme yield.
In the comparison of the current results with the literature studies conducted on pectinase production using various substrates with different fungal organisms in SSF, reveals that the enzyme activity obtained in this study, is within the range of those results Martin et al., 2004; Silva et al., 2002; Silva et al., 2005) . The enzyme activity obtained from A. sojae used in this study was three times higher than the activity obtained by A. niger which is known to be used commercially in the production of pectinase when compared to a study performed by Martin et al. (2004) . In their study they used 90% wheat bran and 10% sugar cane bagasse medium and obtained polygalacturonase activity in the range of 9.0-11.4 U/g solid (Martin et al., 2004) . The activity result obtained here was also four times higher compared to another study done by Maldonado using A. niger in the production of pectinase in SSF (Maldonado and Strasser de Saad, 1998) . Although, none of these studies could provide direct comparison, since not all of the conditions were identical, it will still provide a rough overview. These comparisons can be used as an indication that A. sojae can be a good candidate for the commercial production as well. This is an another important result of this study, introducing a new strain for the production of an enzyme with industrial significance, which has not been considered for this purpose so far.
According to a review paper reported on the solidstate fermentation to food industry, it is reported that pectinase production by SSF is more productive than SmF and that the pectinases produced by this method show more stable properties, such as higher stability to pH and temperature and are less affected by catabolic repression (Couto and Sanroman, 2005) . Considering this, it is obvious that SSF will provide a new trend towards the production of enzymes with industrial significance and expand new areas of development for process design.
Conclusion
Overall this study demonstrated that A. sojae which has not been considered so far, can be a good candidate for the production of polygalacturonase, an enzyme with highly commercial value, in SSF. Using a statistical tool (RSM) it was possible to point out, the interactive effect of solid substrate, inoculum and incubation time which are highly significant in SSF, on the response variables of PG activity and total spore formation. The optimized regions obtained through this technique will give the enduser, whether this might be in the enzyme industry, food industry, flexibility to decide on the ranges to be used depending on the response of interest. It will also provide the conditions required (within the scope of this study) for spore generations for SmF wherever this organism might be used. Furthermore, this study demonstrates the comparison of the SSF to SmF with respect to PG activity. It showed that SSF is more profitable and that the future would be in the direction of reconsidering the applications of this technique, possibly opening up new areas of development in this field. Moreover, by providing specific information regarding the growth requirements particularly applicable to this organism, it will partly fill the gap in the literature that has been lacking so far.
